The relationships between various carbohydrate pools of the soybean (Glycine max [L. Merrill) fruit and growth rate of seeds were evaluated. Plants during midpod-fill were subjected to various CO2 concentrations or light intensities for 7 days to generate different rates of seed growth. Dry matter accumulation rates of seeds and pod wall, along with glucose, sucrose, and starch concentrations in the pod wall, seed coat, and embryo were measured in three-seeded fruits located from nodes six through ten.
Ultrastructural studies of the soybean (Glycine max [L.] Merrill) fruit (21) , along with kinetic studies of sucrose uptake by the fruit (20) , have revealed the route of assimilate imported by the fruit and possible physiological roles different parts of the fruit play in assimilate transport. Assimilate transported from the leaf canopy enters the fruit through the vascular bundles of the pod from which it moves directly into the seed coat. In the seed coat, assmilate is rapidly unloaded into the free space ofthe innermost cell layers, where it diffuses away from the vascular bundles toward the inner epidermis of the seed coat prior to uptake by the embryo. No direct vascular connection exists between the seed coat and embryo (2) . The mechanisms of sucrose uptake by cotyledons have been studied in detail (11, 12, 22, 23) . However, it remains unknown how changes in carbohydrate pools of the fruit relate to seed growth. ' The objective of this study was to determine the relationships between rate of seed growth and glucose, sucrose, and starch concentrations in the pod wall, seed coat, and embryo ofsoybean. Since starch reserves in the pod wall may provide an important source of carbon for seed growth (9, 10, 17, 19) , the relationship between seed growth and starch concentration in the pod wall was of particular interest. Plants were subjected, at midpod-fill, to different ambient CO2 concentrations or PPFD3 to alter leaf photosynthetic rates. This altered the amount ofassimilate available to the fruit and consequently, the rate of seed growth. (10, 200 , 400, or 600 MEm2s1') for 7 d to alter seed growth rates through changes in photosynthesis. For CO2 treatment, plants were placed in reachin environmental growth chambers (Environmental Growth Chambers, Inc., model M-13) maintained at desired CO2 concentrations. The PPFD in the chambers was 500 ME-m-2s' and photoperiod, temperature, and humidity were as described above. Desired PPFD treatments were obtained by raising or lowering plants relative to FADER AND KOLLER to treatment and d. Pod walls and embryos were ground in a Wiley mill to pass through a 1-mm screen and stored in glass vials at -29°C until extraction. Seed coats were ground with a mortar and pestle and stored similarly. Glucose, sucrose, and starch concentrations were determined as previously described (6) on fruit parts removed at d 7.
MATERIALS AND METHODS
Statistical Analysis. Experiments were arranged in a completely randomized design. Least squares method of linear or nonlinear regression was used to analyze the data. The monomolecular equation y = a(l -beW ) was chosen as the model for all nonlinear regressions. Selection of the linear or nonlinear models representing each set ofdata was based on the significant reduction of the residual sum of squares provided by the nonlinear model. All nonlinear equations selected to represent the data lowered the residual sum of squares by at least 25% when compared to the linear equation. Significance of the correlation coefficient for linear equations was determined by testing the hypothesis r = 0 (16). Variation around nonlinear equations is represented by the RMSR.
RESULTS
The light and CO2 treatments employed in these experiments were used solely to alter photosynthetic rates ofplants and hence, produce a range of seed growth rates. No attempt was made to examine the individual responses ofseed growth to light intensity or CO2 concentration. Therefore, all treatments were combined for statistical analysis.
Seed growth rates among treatments ranged from approximately 4 to 37 mg-d-' *fruit' for the 4-d sampling interval. This range encompasses reported rates of dry matter accumulation in seeds of soybean grown in the field (3) . Dry matter accumulation rates of pod walls were linearly related with growth rates of seeds (Fig. 1) . Pod walls lost dry matter at low rates of seed growth and gained dry matter at high rates of seed growth. The concentration of starch in the pod wall was approximately the same at all positive and near-zero negative rates of dry matter accumulation in the pod walls (Fig. 2) Starch concentration in the pod wall remained relatively constant at high rates of seed growth (Fig. 3) The concentrations of glucose in the pod wall and seed coat increased as the rate of growth ofseeds increased from low values (Figs. 3 and 4) . However, concentrations plateaued at 1.0 mg. 100 mg dry weighr' in the pod wall and 0.6 mg. 100 mg dry weighr' in the seed coat as rates of seed growth increased above 12 mg-d' * fruit-'. The concentration of glucose in the embryo remained constant at 0.1 mg. 100 mg dry weight-' at all rates of seed growth (Fig. 5) .
DISCUSSION
It is generally recognized that most of the assimilate used for seed growth in soybean is provided by the photosynthetic activity of the leaf canopy (4, 10) . Contribution of assimilate fixed from atmospheric CO2 by reproductive organs of legumes is low (7, 8, 13) . Sambo et al. (14) found that only 4% of the carbon in the soybean seed at maturity was accounted for by fixation of atmospheric CO2 by the pod walls. The differences that we observed in rates of seed growth, therefore, resulted from differences in assimilate availability to the fruit due to differences in leaf photosynthetic rates. Hence, growth rates were used to indicate the availability of assimilate transported to the fruit.
Since sucrose is the major carbohydrate compound transported in soybean (25) , increased growth rates of seeds must have resulted from increased amounts of sucrose imported by the seeds. However, the size of the sucrose pools in the pod wall, seed coat, and embryo remained constant at moderate and higher rates of seed growth (Figs. 3-5) . Increase in the flux of sucrose through the sucrose pools of the pod wall, seed coat, and embryo must have occurred to provide the assimilate needed for high rates ofseed growth. When treatments limited the photosynthetic rate of the leaf canopy the supply of assimilate from the canopy was not able to maintain the concentrations of sucrose in the sucrose pools of the fruit. Only at those lower levels of assimilate availability was pool size associated with the rate of seed growth.
The pod wall acted as both a source and sink for assimilates. Similar findings have been reported previously (4, 9, 17, 19) . When seed growth rates were high, implying ample amounts of assimilate transported to the seed, pod walls acted as a sink and dry weight of the pod wall increased (Fig. 1) . However, when assimilate availability to the seed was low, the pod wall acted as a source and dry weight of the pod wall declined. Decreased starch concentration accounted for the total weight loss in the pod wall. However, remobilization of starch from pod walls occurred ony when the amount of assimilate transported from the leaf canopy could not maintain the sucrose pool in the pod wall (Fig. 3) .
The concentration ofstarch in the pod wall remained relatively constant at seed growth rates above 12 mg-d' -fruit-' (Fig. 3) . However, dry matter accumulation rates of pod walls continued to increase as growth rates of seeds increased above 12 mg.d' I fruir' (Fig. 1) . Increases in pod wall weight at higher rates of seed growth, therefore, were not due to increased concentration of starch, but rather to an overall increase in dry weight. This also implies that the effective sucrose concentration was not decreased by the formation of starch in the pod walls to maintain sink strength. The constancy of starch concentration at high rates of seed growth suggests that starch concentration in the pod wall does not have an active role at higher rates of seed growth in buffering against minor fluctuations in photosynthesis. Leaf starch, therefore, may play the greater role in maintaining relatively constant rates of seed growth in spite of the minor daily fluctuations in photosynthetic productivity. Fader and Koller (5) and Thome and Koller (18) have shown that starch concentration in the leaf is quite sensitive to the source-sink ratio. Only under conditions of limited photosynthetic productivity, that result in extreme limitations to seed growth, does starch in the pod wall appear to play a role in buffering seed growth.
Starch concentration in the seed coat was not significantly correlated with the rate of seed growth (Fig. 4) . Thome (20) reported little or no interaction between the insoluble fraction of the seed coat (including starch) and labeled sucrose transported through the seed coat to the cotyledons. Micrographic studies (21) epidermal and hypodermal cells of the seed coat, away from parenchyma cells of the vascular zone. Starch concentration in the seed coat, therefore, may not play a significant role in seed growth.
The lack of correlation between the rate of seed growth and starch concentration in the embryo (Fig. 5) suggests that the relative amount of assimilate partitioned into starch is constant in this tissue. Starch concentrations in cotyledons decrease with seed development (1), suggesting starch to be a transient reserve involved in the storage of carbon for future metabolic needs of the seed. However, high concentrations of starch in the embryo were maintained even though rates of seed growth appeared limited by assimilate availability (Fig. 5) . Partitioning of carbohydrate into starch, therefore, may be controlled genetically, and not by import of carbohydrate by the fruit.
Pod walls refix CO2 respired by the seed (14, 24) and increased CO2 efflux from the fruit has been correlated with increased growth rates of seeds (15) . Decreased glucose concentration in the pod wall at low seed growth rates (Fig. 3 ) may represent decreased rates ofrefixation caused by low CO2 efflux from slowgrowing seeds.
Initial increase in the glucose concentration of the seed coat as growth of seeds increased from very low rates (Fig. 4 ) may reflect increased metabolic activity associated with the greater supply ofavailable assimilate. Micrographic studies (21) revealed the presence of a cell layer in the seed coat with the anatomical characteristics of highly metabolic cells near the vascular zone where sucrose is unloaded into the free space. The low glucose to sucrose ratio in the seed coat (Fig. 4) suggests that the majority of assimilate imported by the embryo is in the form of sucrose, as reported by Thorne (20) .
The low concentration of glucose in the embryo (<0.1 mg 100 mg dry weight-'), and its insensitivity to changes in rates of seed growth (Fig. 5) , suggests an extremely high turnover of glucose in the embryo. This was expected, since glucose is a major source for both biosynthetic and energy-producing pathways.
The results of this study suggest that size of the carbohydrate pools of the fruit did not limit the rate of seed growth. Rate of seed growth continued to increase while sucrose concentration in the fruit remained constant. When the maximum size of the sucrose pool in the pod wall was not maintained, remobilization of reserves in the pod wall was triggered. We do not know whether maximum size of the sucrose pool in the soybean pod wall differs for different cultivars or is influenced strictly by environmental conditions. In either case, the relationship between the rate of seed growth and assimilate production and transport is probably a determining factor. LITERATURE CITED
